A method for thermodynamic characterization of shape-stabilized PCM based on onesingle sample and one-single experiment has been proposed. The simplicity of the experimental device is comparable to that of the T-History method. However, instead of simple energy balances as in T-History method, a numerical heat transfer model is used to retrieve the whole set of parameters/functions characterizing the PCM from temperature measurements at one-single point within the PCM. An efficient inversion technique has been proposed for that. Its most striking feature is that it allows non-parametric identification of the enthalpy-temperature function in an easy way. Such a function is retrieved by solving a problem of moving sources estimation by inversion of a linear heat conduction model.
INTRODUCTION
Phase change materials (PCM) could play an important role for an effective and economic use of thermal energy in the industrial sector, as well as in power generation based on new conversion techniques and renewable energy resources. Moreover, PCM integration in lightweight buildings is expected to be a useful way to smooth indoor temperature variations and reduce overall heating or cooling demand.
Greatest asset of PCM is their capacity to store or release thermal energy over a narrow range of temperature, as well as latent heats ranging typically from 100 to 1000 kJ/kg for PCM undergoing solid-liquid transformations. Recently, much work has been done on shape-stabilized PCM development. Such materials are generally made of an inert matrix (polymer, wood, concrete, graphite etc.) whose porosity is completely or partially filled with a solid-liquid phase change material. The inert matrix allows structural stability and retains the PCM when in liquid state. In addition, when made of a highly conductive material, it serves to enhance the PCM thermal conductivity.
Characterization of shape-stabilized PCM usually involves measurement of thermal conductivities and heat capacities of the solid and liquid phases, as well as transition temperatures and latent heat. Moreover, for PCM undergoing melting over a range of temperature, enthalpytemperature function is required too. Characterization is thus carried out using different samples and experimental devices. For instance, thermal conductivity and thermal diffusivity can be measured, respectively, by i.e. the hot plate method and the flash method. Dynamic hot probes methods allow simultaneous determination of thermal conductivity and capacity. As for specific heat and latent heat, separate and specific DSC (Differential Scanning Calorimetric) tests are usually used. Transition temperatures are better determined using DTA (Differential Thermal Analysis) methods and enthalpy-temperature function estimation requires DSC tests in isothermal step mode [1, 2] .
Of the number of apparatus/tests required for complete characterization, one notices that the tests based on DTA/DSC devices generally require very small samples (some few millilitres), so that they become inappropriate for testing heterogeneous materials with large-size representative volumes. Such a problem could be partially overcome using the T-History method [3, 4] , a cheap and easy way for the determination of latent heats and specific heats. Unfortunately, T-History method is unable to reliable estimation of transition temperatures and enthalpy-temperature functions [5, 6] .
We propose in this paper a new method for characterization of PCM based on one-single sample and one-single experimental device. The simplicity of the experimental device is comparable to that of the T-History method: a cylinder of PCM which is heated/cooled in a furnace following specific temperature patterns (steps, isotherms and ramps). Instead of simple energy balances as in DSC or T-History methods, a heat transfer model will be used to retrieve the whole set of parameters/functions characterizing the PCM from temperature measurements at one-single point within the PCM. A powerful inversion technique has been proposed to do that. Its most interesting feature is that it allows identification of enthalpy-temperature functions in an efficient way. They are retrieved by solving a problem of time-dependent sources estimation by inversion of a linear heat conduction model. Enthalpy-temperature functions, as well as parameters derived from (heat capacities, transition temperatures, latent heat), are thus calculated in a simple way.
Compared with DSC, the proposed method yields complete thermodynamic characterization of the PCM on one-single experiment, and it allows testing heterogeneous materials with large-size representative volumes. Moreover, testing time is significantly reduced: some few hours instead of several days as required for enthalpy-temperature function measurement when using DSC in isothermal step mode.
EXPERIMENTAL DEVICE AND HEAT TRANSFER MODELING
Experimental device. A test cylinder composed of a stainless steel tube filled with PCM will be considered in this paper. Others interesting experimental configurations have been tested in [7] . Let R and L denote, respectively, the inner diameter of the tube and its length. Dimensions of the test cylinder are assumed to verify R L >> , so that heat transfer in the length direction can be neglected. The cylinder is introduced in a furnace for heating/cooling under controlled thermal boundary conditions. The thermal response
is recorded using a thermocouple. Another thermocouple is located at the interface between the PCM and the steel ( R r = ). Signals
(boundary condition) will be used later for PCM characterisation.
Modeling assumptions. Main assumptions employed for PCM melting/solidification modelling are: a) the PCM can be seen as a continuous medium at the macroscopic scale; b) convective heat exchanges within the PCM are negligible; c) the thermal properties (heat capacity and thermal conductivity) of the PCM are constant within each phase but heat capacity could be discontinuous between the solid and liquid; d) phase change undergoes at constant pressure; e) for multicomponent phase change materials undergoing transformation over a range of temperatures, no segregation during solidification is also assumed. The validity of these assumptions for shapestabilized PCM has been analyzed in [8, 9, 10] .
Heat transfer equations. According to the hypothesis above, energy conservation equation can be written as: 
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ρ and x c represent, respectively, the density and the specific heat of the PCM in liquid ( l x = ) or solid state (
L is the PCM latent heat and k represents its thermal conductivity. For PCM undergoing melting/solidification at a single temperature, the liquid fraction is given by:
, where H represents the Heaviside function and f T is the melting point. For melting/solidification taking place over a range of temperatures, DSC measurements are usually required to determine the relationship existing between the liquid fraction and the temperature.
From Eq. 1 and Eq. 2, the equation governing the thermal behaviour of the PCM can be written as follows [11] :
and
. It can be noticed that Eq. 3 is a constant-parameters heat conduction problem with a temperature-dependent source which groups all the specific terms related to phase change phenomena. Moreover, one notices that:
According to the experimental device, PCM boundary conditions are:
where h represents the inverse of the thermal resistance at the interface between the steel and the PCM. As for initial conditions, we assume:
The spatial discretisation of Eq. 3 and Eq. 6 leads to a finite dimensional formulation of the general form:
is the vector of temperatures at the nodes of discretisation grid and which group all specific phenomena related to phase change. From Eq. 5, it can be easily demonstrated that volumetric enthalpy is: ) is the M transposed matrix. Introducing the stationary condition (Eq. 13) in the direct problem (Eq. 11) yields to the following two-point boundary-value problem:
This problem can be easily solved using the "sweep method" [14, 15] [ ] 
One notices that the sources we are looking for are the outputs of a linear and stationary state model whose input is the temperature measured within the PCM at 0 = r .
Step-by-step, solving Eq. 15 involves: a) calculation of the time-invariant matrices ∞ S and ∞ K ; b) calculation of ) (t v and ) (t T by time-integration of the Eq. 15; and c) calculation of (t) ψ . Knowing (t) T (step b) and (t) ψ (step c), the time evolution of the enthalpy vector
It must be noticed that the unknowns of the problem (temperatures, sources and enthalpies) are estimated for all times and positions. Consequently, the enthalpy-temperature function we are looking for results from either representation of As shown in Table 1 , different values of these parameters have been considered. For each testing case in this table, an experiment has been simulated. The algorithm described in the previous section has been applied for estimating the PCM enthalpy-temperature function from noisecorrupted Table 1 . The quality of the estimated enthalpy-temperature function is evaluated as the root mean squared ( rms ) of the differences between the estimated function and the theoretical one. Results achieved are reported in Table 1 . It can be seen that the quality of the results strongly depends on the Biot number ( Bi ) and on the sharpness of melting ( f T ∆ ). Increasing either the Biot number or the melting sharpness leads to a degradation of the estimated enthalpy-temperature function. Biot numbers lower than ~0.3 and spread melting over a temperature interval wider than 248 5th FORUM ON NEW MATERIALS PART C 0.5°C are recommended. Worst (case007) and best (case008) reconstructions of the enthalpytemperature function are represented in Fig. 1 .
EXPERIMENTAL TEST PCM decription.
A graphite/salt composite, as those developed and studied in [16, 17, 18] , has been used in this paper for illustrating the appropriateness of our developments. It has been elaborated by uni-axial cold compression of a mixture of ENG (Expanded Natural Graphite) particles and salt powders. The salt is the binary system NaNO 3 /KNO 3 (50%mol, laboratory graded), whit melting point at 223°C. The sample prepared for testing is a cylinder of 76mm in diameter and 200mm in length. Porosity, volumetric fraction of graphite and volumetric fraction of salt are, respectively, 20%, 10% and 70%. Graphite amount is 15% by weigth.
Experiment. The graphite/salt composite is introduced in a stainless steel tube. Top and bottom sides of the cylinder are insulated with an insulation material that can resist temperatures over 1000 °C. The cylinder is thus introduced in a furnace for heating/cooling under controlled thermal boundary conditions. A thermocouple (type K) is placed at the interface between the tube and the PCM, and another one within the PCM at 0 = r (on the symmetry axis) and 130mm from the top. Thermocouples are protected by a 1.6mm inconel sheath, which is a good compromise between intrusiveness and mechanical strength. During the experiment, two main periods with regard to the evolution of the temperature of the air within the furnace can be distinguished (Fig. 2, air) : a) a step period where the PCM remains in solid state, which will serve for preliminary estimation of parameters h and k ; b) a isotherm-rampisotherm period where PCM melting takes place, which will be used for enthalpy-temperature function estimation. Wall line and mm r 0 = line in Fig. 2 show, respectively, the temperature measured at the interface steel/PCM and within the PCM (at 0 = r ). To favour homogenisation of air temperature within the furnace, the fan of the furnace is continuously working. At the end of the test campaign (that is after cycling), thermal and thermodynamic properties of the PCM have been measured using standard techniques. This includes: a) specific heat of the PCM at liquid and solid states; b) melting temperature and latent heat; c) radial thermal conductivity (in a plane normal to the compression axis); and d) density of the composite in solid state. Results achieved are summarized in Table 2 . More detailed information can be found in [8] .
Preliminary estimations. Data corresponding to the period during which the PCM stays in solid state (isotherm-step period), have been used to identify the thermal properties of the PCM and the thermal resistance associated to the interface steel/PCM. Information available is 
. A high coherence is observed between heat capacity and thermal conductivity values obtained by standard measurement methods (see Table 2 ) and those identified by model fitting.
Estimation of the enthalpy-temperature function. The method described previously (Eqs. 15-17) has been applied for estimating the enthalpy-temperature function from available data ). It can be seen that end of melting is observed at 223°C, a value which is in good agreement with KNO 3 /NaNO 3 (50%mol) melting point found in the literature (see [10] and references within). Probably due to salts impurities, a progressive as well as moderate melting is observed between 214 to 220.5°C.
In figure 4 (left) are represented the temperature measured at r = 0 (symbols) and the simulations performed using previously identified enthalpy-temperature function (continuous lines). The corresponding residuals (measurements -simulations) are shown in figure 4 (right) . They look like Table 3 includes the values of the PCM thermodynamic properties obtained from the estimated enthalpy-temperature function (or alternatively from the "apparent thermal capacity -temperature" function) in figure 3 . One notices they are in very good agreement with measurements in Table 2 . Apparent latent heat in J/kg has been calculated assuming apparent density in liquid state equal to 1128 kg/m 3 . Such a value comes from specific heat in Table 2 (second line, third column) and heat capacity of the liquid phase in Table 3 . 
SUMMARY
A new method for characterization of shape-stabilized PCM based on one-single sample and one-single experimental device has been proposed. The simplicity of the experimental device is comparable to that of the T-History method: a cylinder of PCM which is heated/cooled in a furnace following specific temperature patterns (steps, isotherms and ramps). Instead of simple energy balances as in T-History method, a heat transfer model is used to retrieve the whole set of parameters/functions characterizing the PCM from temperature measurements at one-single point within the PCM. A powerful inversion technique has been proposed for that. Its main advantage is that it allows non-parametric identification of enthalpy-temperature functions. They are retrieved by solving a problem of time-dependent, moving sources estimation by inversion of a constantparameters heat conduction model. It is shown that unknown sources are the output of a linear and invariant state model whose inputs are measured temperatures within the PCM. Enthalpytemperature functions, as well as parameters derived from (heat capacities, transition temperatures, latent heat), are thus calculated in a simple way.
Numerical tests carried out show that the quality of the results achieved strongly depend on the Biot number and on the sharpness of melting. Increasing either the Biot number or the melting sharpness leads to a degradation of the estimated enthalpy-temperature function. Biot numbers lower than ~0.3 and spread melting over a temperature interval wider than 0.5°C are recommended.
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